Background: Tibial tuberosity osteotomy (TTO) is a versatile procedure commonly used to treat patellar instability as well as to unload cartilage lesions. TTO with concomitant distalization (TTO-d) may be performed in patients with patella alta to stabilize the patella by helping it to engage in the trochlea earlier during flexion.
Keywords: anteromedialization; complications; dislocation; distalization; instability; osteotomy; patella; patellofemoral; tibia; tuberosity Various surgical options are available for treating patellar instability and/or patellofemoral pain and osteoarthritis, including soft tissue procedures such as medial patellofemoral ligament reconstruction or repair as well as numerous femoral and tibial osteotomies. These techniques are effective in most patients; however, complications can occur in 4% to 8% of cases. 13, 16 For tibial tuberosity osteotomy (TTO), fractures of the proximal tibia, loss of tibial tuberosity fixation, nonunion of the tuberosity, and deep vein thrombosis 19 have been reported. 1, 5, [10] [11] [12] [13] [14] [15] 22 The risk factors associated with these complications are incompletely understood; however, evidence suggests an increased risk of osseous complications with early weightbearing and with procedures involving complete detachment of the distal tuberosity, as required during distalization (Figures 1 and 2 ). 7, 13, 18 Our goals were to identify complications in patients who underwent TTO and to analyze patients who underwent concomitant distalization (TTO-d). We additionally analyzed surgical variables associated with complications, including the diameter and number of screws used for fixation. We hypothesized that osseous complications would be more prevalent in the TTO-d group, in which the tuberosity was completely detached, compared with the TTO group, in which the distal portion of the osteotomy site was greensticked.
METHODS
Between 2009 and 2015, a total of 240 TTO procedures were performed by 2 experienced, fellowship-trained sports medicine orthopaedic surgeons (B.E.S.S., A.J.C.) at 2 institutions. Surgical indications were patellar instability or patellofemoral arthritis. Medialization was indicated for a tibial tuberosity-trochlear groove distance of greater than 15 to 20 mm. Anteromedialization was indicated for highgrade chondral lesions involving the inferior pole or lateral patellofemoral joint and when substantial retropatellar pain was present. Distalization was performed when the Caton-Deschamps index was greater than 1.3 to 1.4. Concomitant medial patellofemoral ligament reconstruction was performed in cases in which the medial restraints were incompetent, as determined by examination under anesthesia, or when the patella remained unstable after the tuberosity was moved. Concomitant lateral retinacular release was performed in cases in which the lateral retinaculum was excessively tight, as determined by the patellar tilt on examination under anesthesia. Osteotomies were fixed with either three 3.5 mm-diameter screws or two 4.5 mm-diameter screws.
After obtaining approval from the institutional review boards at both institutions, we reviewed the medical records of all patients who underwent TTO between 2009 and 2015. Preoperative history and physical examination information, as well as surgical details, were obtained. Postoperative symptoms and complications were determined from clinical notes. We excluded patients who had fewer than 90 days of clinical or radiographic follow-up unless they had evidence of a healed osteotomy site at final radiographic follow-up. A board-certified musculoskeletal radiologist at each institution (D.N.M., S.D.) reviewed each radiograph from his or her institution and determined osteotomy union using a mutually agreed-upon published grading system adapted for the proximal tibia. 2 Delayed union was defined as incomplete healing according to these criteria at 90 days.
Data were collected independently at each institution and then uploaded and managed using REDCap electronic data capture tools hosted by Cornell University. 6 Demographic characteristics and surgical variables, including distalization, screw diameter, and number of screws used, were recorded from the operative notes. Levels of association between these variables and complications were analyzed using the Pearson chi-square test or Fisher exact test for categorical data and the 2-sample Student t test for continuous data. We used Stata version 12 software (StataCorp). Findings of P < .01 were considered significant. A detailed description of the TTO surgical technique is included in the Appendix.
RESULTS

Patient Characteristics
Of the 240 patients, 153 (64%) met our inclusion criteria (122 TTO, 31 TTO-d). The surgical indication was patellar instability in 134 (88%) patients and patellofemoral osteoarthritis in 19 (12%) patients. These 19 patients with patellofemoral osteoarthritis were all in the TTO group. All Table 1) . 
Overall Complications
Complications by Osteotomy Type
The rate of delayed union, defined as incomplete healing by radiographic criteria at 90 days, was higher in the TTO-d group (42%) versus the TTO group (18%) (P ¼ .005) ( Table 2) . Two patients in the TTO-d group (6.5%) and 1 patient in the TTO group (1%) were not healed at the time of the most recent visit, although this difference was not statistically significant. There were no other significant differences in the rates of clinical complications or reoperation between the 2 groups.
Complications by Screw Diameter
All osteotomies using two 4.5-mm screws were performed at one of the institutions, and those using three 3.5-mm screws were performed at the other institution. Patients were 10 times as likely to have symptomatic (painful or prominent) screws if their osteotomy was fixed with 4.5-mm screws (27%) compared with 3.5-mm screws (2.6%) (P ¼ .001). Reoperations, most commonly for screw removal (32/38), were more frequent in osteotomies fixed with 4.5-mm screws (37 reoperations [32%]) versus 3.5-mm screws (1 reoperation [2.6%]) (P < .001). There were no other significant differences in the rates of clinical or radiographic complications by screw diameter (Table 3) .
DISCUSSION
In this series of 153 patients who underwent TTO, primarily for recurrent instability, major perioperative complications occurred in 3% of cases. The 3% rate of deep vein thrombosis was consistent with the 3.8% rate reported by Tanaka et al. 19 Although the overall rate of delayed union (23%) was high, only 3 patients with clinical nonunion were identified. Of these 3 patients, 1 underwent revision TTO with the use of bone morphogenetic protein, and the other 2 eventually achieved union. This suggests that the accepted radiographic criteria for osteotomy healing may not be clinically important at 90 days and that it may be inappropriate to consider delayed union as a true complication. If delayed union is not considered to be a complication, the total number of complications drops to 53, with 31% of patients (47/ 153) experiencing at least 1 complication other than delayed union. Delayed union occurred more frequently in the TTO-d group compared with the TTO group. There were no significant differences between the 2 groups in complication rates.
Screw removal was required in 21% of patients, nearly all of whom underwent osteotomy using two 4.5-mm screws. This instrumentation has been used widely for tibial tuberosity anteromedialization osteotomy procedures since it was first described by Fulkerson 4 ; however, no study has reported the rate of complications associated with different screw sizes and numbers. Theoretically, 3.5-mm screws could produce less irritation of the anterior soft tissues because they have a smaller and lower-profile screw head compared with 4.5-mm screws. Prior studies reporting screw sizes and the percentage of cases requiring removal support this idea. 8 These studies suggest that 3.5-mm screws are removed in 16% of cases, 17 4.0-mm screws are removed in 30% of cases, 12 and 4.5-mm screws are removed in 52% of cases. 9, 14, 21 The removal of screws of 6.5-mm diameter is typically planned per the protocol. 3, 9, 20 This might explain the lower reoperation rate seen in procedures using 3.5-mm screws versus 4.5-mm screws in our study.
There was 1 tibial fracture in a 60-year-old woman who underwent TTO for patellofemoral osteoarthritis and who fell 8 weeks after surgery. The fracture occurred at the most distal 4.5-mm screw (Figure 3) . The patient was treated nonoperatively with a brace, and the fracture healed without further complications.
Limitations
We recognize several major limitations in this study. First, we pooled data from patients who underwent procedures by 2 surgeons at 2 institutions with slightly different surgical techniques. Although operative techniques and surgeon experience were similar, differences in the technique may have influenced the results. Most importantly, all procedures using three 3.5-mm screws were performed by 1 surgeon at 1 institution, and all procedures using two 4.5-mm screws were performed by a second surgeon at the other institution. Therefore, it is possible that the differences that we observed in pain from screws and the need for surgical removal between cases performed with 3.5-mm versus 4.5-mm screws are a result of the surgeon's technique, surgeon's decision making, or institutional differences. For example, the practice of countersinking screws (a difference in technique between the 2 surgeons) could make screws less prominent and lessen the need for removal (a confounding variable with screw size). Other than the rates of painful hardware and reoperations for screw removal, no significant differences were found between complications at the 2 institutions.
Second, we included patients undergoing TTO for instability as well as for patellofemoral arthritis. We felt it appropriate to include multiple indications in our analysis of early perioperative complications because the surgical procedure did not differ by indication. Alternatively, if our goal had been to investigate long-term outcomes, recurrent instability, or conversion to arthroplasty rates, we would not have pooled surgeries performed for instability with those performed for arthritis.
Similarly, our follow-up time was less than 2 years; however, because the focus of the study was perioperative complications rather than long-term outcomes, we consider this to be sufficient to capture all complications during the period of interest. Additionally, the inclusion rate of 64% for this study (for lack of either clinical or radiological follow-up data) is not ideal; however, in this relatively young and healthy population of patients who overall do well after surgery, it is understandable that many patients may not return for final follow-up visits and radiographs.
Another limitation was that we were unable to determine the true frequency of incidental tuberosity detachment during TTO without distalization. Distalization, by nature, requires complete detachment of the shingle; therefore, distalization procedures serve as a surrogate for distal shingle detachment in our study. However, it is possible that the distal shingle was detached in some TTO procedures, and these were not specifically addressed.
Finally, it is possible that a difference in the overall complication rate between the TTO and TTO-d groups was not identified because there were not enough patients in each group to show such a difference. Using the effect size data from Payne et al, 13 in which complication rates were reported as 10.70% in patients for whom the osteotomy shingle was completely detached (TTO-d in our study) versus 3.30% in patients for whom the distal shingle attachment was preserved (TTO in our study), a power of 0.80, and an alpha of 0.05, a minimum of 212 patients in each group would have been needed.
CONCLUSION
In the current study, 46% of patients experienced at least 1 complication. The risk of major complications was 3%. In this limited series, the risk of complications (other than delayed union) was not significantly higher in the patients who underwent distalization. The most common complication, painful hardware requiring removal, may potentially be avoided by using three 3.5-mm screws rather than two 4.5-mm screws.
APPENDIX Surgical Technique
Patients who were indicated for TTO underwent examination under anesthesia to assess patellar translation and lateral retinacular tightness. Diagnostic knee arthroscopic surgery was then performed to evaluate the patellofemoral articular surfaces. Loose cartilage flaps were routinely debrided. At one institution, grade 4 cartilage lesions were typically addressed with juvenile particulate cartilage (DeNovo; Zimmer). Arthroscopic lateral retinacular release was performed when indicated according to radiographic criteria and a physical examination.
A tourniquet was inflated around the thigh, and the tibial crest and medial and lateral borders of the patellar tendon were exposed. The anterolateral compartment musculature was sharply released off the proximal anterolateral tibia as a single subperiosteal unit. The periosteum along the medial border of the patellar tendon was incised. At one institution, TTO was performed using a sagittal saw. Two 0.045-cm Kirschner wires were placed medial to lateral to serve as guides for the cut. The cut angle was determined by the desired degree of anteriorization. A 40-mm sagittal saw blade was then used to cut the tibia. The transverse cut was completed with a 10-mm straight osteotome and a 6-mm osteotome. The periosteum remained intact at the distal hinge. When concomitant distalization was indicated, the distal portion of the tibial tuberosity was completely detached from the tibia. The desired
